
Volume XXIV. April, igoy. Number 4. 

T H E 

PHYSICAL REVIEW, 

ON THE MAGNETIC BEHAVIOR OF CERTAIN 
NICKEL ALLOYS. 

BY BRUCE V. HILL. 

' THHE work described in this paper was begun by the author 
* several years ago at the University of Berlin and an abstract 

of the part then completed was published in the Verhandlungen der 
Deutschen Physikalischen Gesellschaft. It was not possible for me 
to obtain the material to finish the experiments till a few months ago. 
Meanwhile accounts of work by other experimenters upon kindred 
alloys have appeared, so that I have now collected their data together 
with my own. 

There are two classes of alloys of the ferro-magnetic metals 
which are of particular importance : the steels and the alloys used 
in the construction of resistances. On the importance of the steels, 
it is unnecessary to comment. It is only recently, however, that it 
has been realized that the properties which render steel so univer
sally useful are very closely connected with its magnetic charac
teristics. A few years ago the hardening of steel by sudden cool
ing was explained by supposing that, in the rapid fall of temperature, 
strains were set up in the metal which caused its hardness, or the 
hardness was accounted for by the presence of small particles of 
very hard carbon or of carbide. While this latter explanation may 
have been in part true, it is not sufficient to account for the phe
nomena of the tempering of steel. The electrolytic iron, which 
has been produced so successfully in the laboratories of the Uni
versity of Wisconsin, is very hard when deposited. Dr. Taylor 
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informs me that it behaves like hard steel magnetically also, but 
after annealing it is soft, both mechanically and magnetically, like 
Norway iron. Certainly neither sudden cooling nor temper-carbon 
plays any part in this case. In making malleable castings of iron 
the annealing process changes the glass-hard, brittle cementite 
Fe3C, into ferrite, or free iron, which is soft and ductile, mixed with 
finely divided carbon. The hard, brittle nature of the original cast
ing seems to have been due, not to free carbon, but to a definite car
bide, Fe3C. As to the theory of hardness caused by internal strains, 
it is difficult to see why other metals than iron should not be hard
ened in the same manner. 

The ordinary carbon-steel, having been once tempered or hard
ened, may have this temper or hardness withdrawn by annealing 
from a red heat. With the alloy steels, on the other hand, the 
case is entirely different. When nickel and iron are alloyed together, 
the product acquires something of the toughness of the nickel while 
retaining the hardness and high elastic limit of the iron. An ex
haustive study of these alloys has been made by M. L. Dumas.1 

Only a few of these need be mentioned here. The non-expansive 
alloy of Guillaume contains 34 per cent, of nickel and has a coeffi
cient of linear expansion of .000001. Clock pendulums made of 
this material vary so little in length that a clock thus provided will 
run more accurately than other clocks with the ordinary compen
sating devices. This alloy might also be useful in making fine 
instruments such as transits and the like. It will take a good polish 
and resist corrosion as well as nickel. Screws for dividing engines 
might also be made of it to advantage. 

The steels with from 40 to 50 per cent, of nickel have so nearly 
the same coefficient of expansion as glass that they may be em
ployed when it is desired to seal a metal into glass. This material, 
called "platinite," had already begun to replace platinum in the 
manufacture of incandescent lamps in France several years ago. 
These alloys do not seem as yet to be much known in this country. 
However useful the nickel-iron alloys of high per cent, may be, the 
high price of the nickel prevents their very extensive employment. 
An alloy containing from 3 to 3.5 per cent, of nickel and about 

1 Aciers au nickel a hautes teneurs. 
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0.25 per cent, of carbon combines a very high degree of ductility 
with a great tensile strength, hardness and a very high elastic limit. 
Such a steel, with the addition of a little chromium is used for the 
armor plate of vessels. 

A small amount of manganese in steel, up to five or six parts in 
a hundred, renders it very brittle, but an alloy containing 12 per 
cent, of manganese and 1.5 per cent, of carbon is very hard but 
yet ductile. It is unmagnetic. Mushet discovered that, by the 
addition of manganese and tungsten to tool steel, a cutting edge 
could be maintained upon the tool at a temperature much higher 
than with carbon-steel. This, of course, made it possible to work 
these tools at a considerably greater speed. These steels, known 
as the self-hardening or air-hardening steels were hardened by slow 
cooling from a cherry-red, that is from about 900°C. If heated to 
a temperature much above this the quality of the steel deteriorated 
very rapidly. With the addition of a small amount of chromium 
and a little tungsten or molybdenum it was found that this deter
ioration at high temperatures was confined to a very narrow range, 
from about 8500 to 950° C , while above 950° to about I , I O O ° the 
efficiency is greatly increased. These last steels are known as the 
high-speed steels of Taylor and White. Their alloy contains : 

Carbon from 0.75 to 1.25 per cent. 
Chromium from 3.00 to 4.00 per cent. 
Tungsten 8.50 per cent. 

The exact composition of the steel varies according to whether the 
tool is to be used for cutting soft steel or gray cast-iron, or hard 
steel. By employing tools made of such steel, the rate of cutting 
can be increased to three or four times that possible with a carbon-
steel tool, since with a high-speed tool it may be allowed to heat 
till it shows a faint tinge of red. A large increase in efficiency is 
thus gained by the use of these tools. These alloy-steels are un
magnetic, a very small amount of manganese being sufficient to 
render the iron unmagnetic. 

• The second important group of alloys of the magnetic metals is 
that of the alloys used for electric resistances. These are mostly 
nickel alloys, the greater part of them being unmagnetic. Their 
resistance is higher than that of the pure metals while the tempera-
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ture coefficient is lower. Manganin, for example, containing 84 
per cent, of copper, 12 of nickel and 4 of manganese, retains its 
resistance almost constant between o° and 30° C. 

Seeing that the alloy-steels are hardened by annealing, whereas in 
the carbon-steels the hardening was accomplished by sudden cooling, 
it is evident that neither the theory of strains within the metal nor 
of hard carbon within its mass can account for its hardness, and the 
explanation was sought elsewhere. 

The magnetic metals, if heated to a certain critical temperature, 
become unmagnetic and exhibit a much higher specific heat and a 
higher electric resistance together with a much smaller temperature-
coefficient. The chemical properties also show differences above 
and below the critical temperature. 

Again, if iron containing carbon be cooled from a high tempera
ture there will be a marked evolution of heat at about 8500 C. and 
another at 7600 C. indicating some transformation in the metal 
itself. Osmond based his allotropic theory of the magnetic metals 
upon these phenomena. The iron as it exists at ordinary tempera
tures and up to 760° C. the lowest temperature at which the evo
lution of heat occurred (the temperature of recalescence is below 
760 ° but is due to the separation of the eutectic alloy of iron and 
carbon, that is, the alloy containing 0.85 per cent, of carbon) 
Osmond called alpha iron. In the next interval, namely between 
7600 and 8500 C , he applied the name beta iron, and above 86o° 
gamma iron. 

In nickel and cobalt the phenomena of transformation are very 
similar to those in iron, except that in these metals there are but 
two allotropic forms, the alpha and the beta. 

Let us now return to the steels and apply the allotropic theory to 
explain their behavior. Let us suppose the alpha iron to be soft 
and magnetic ; the beta iron hard, tough, rather brittle and unmag
netic ; and the gamma iron soft and unmagnetic. At ordinary 
temperatures common iron and steel contain a mixture of the alpha 
and beta modifications. If pure iron be heated to a high tempera
ture and cooled either rapidly or slowly, the transformations take 
place as usual and the metal remains soft. If the proper amount 
of carbon be added — 0.25 to 1.50 per cent.—and the metal be 
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suddenly cooled from a temperature above the critical point, a large 
amount of the beta iron persists and hardens the specimen. This 
is, of course, an incomplete account of these phenomena since the 
carbides of iron, which must also undergo transformations, have not 
been considered. 

If any substance, other than carbon, could be added to the iron 
and prevent its transformation, we should expect to be able to alter 
the properties of the alloy in a way depending not only upon the 
nature of the added substance, but also upon the amount of beta 
and gamma iron present at ordinary temperatures. Lownds and 
Richardson * found that if aluminium be alloyed with iron the tem
perature of transformation of the latter is depressed by an amount 
proportional to the mass of aluminium added. This holds more or 
less closely for other elements alloyed with the iron. Osmond and 
van t'Hoff have worked out the phase diagram for iron and carbon 
alloys.2 One of the most important results of the new knowledge 
of the physical chemistry of steels is the greater certainty with which 
a certain grade of steel can be produced. A comparatively inex
perienced workman is able to secure more uniform results than were 
formerly obtained by men of much longer practice. A phase dia
gram has been given by Messrs. Shepard and Upton for alloys of 
copper and tin.3 

If now there were some law by which the action of any element 
in alloy with iron could be predicted it would be of great value in 
steel-making. The most ready analogy to the depression of the 
temperature of magnetic transformation of iron and nickel by other 
metals alloyed with them, is the lowering of the freezing point of a 
liquid by dissolved substances. The law of van t'Hoff applying to 
the latter case is : 

.02T2m 
At=-ML~-

Where jTis the absolute temperature of freezing of the pure solvent, 
.02 the thermo-dynamic constant, L the latent heat of fusion of the 
solvent, M the molecular weight of the solute and At the depression 

1 Phil. Mag. ( 6 ) , I , p . 601, 1901. 
2 The Metallographist, 1898. 
3 Journal of Physical Chemistry, 1905. 
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of the freezing point caused by m grams of the solute in i oo grams 

of the solvent. The present work was undertaken to test the 

applicability of this formula to the case in hand. To do this we 

would have to put T equal to the absolute temperature of trans

formation of the pure metal (nickel or iron), L the latent heat of 

transformation, M the molecular weight of the added metal and At 

the depression of the point of transformation caused by m grams of 

this metal. The derivation of van t 'Hoff 's formula assumes that 

the pure solvent freezes out. In attempting to apply this equation 

now it must be remembered that neither metal separates from the 

other at the point of transformation. Microscopic examination 

shows this to be true. W e might hope, however, that the formula 

would apply approximately or in a modified form. 

Nickel was chosen for these experiments rather than iron because 

of its low temperature of transformation, which being below 4 0 0 0 

C. was easily reached and measured. The relations existing in 

alloys of iron and nickel are known to be very complicated so that, in 

order to have the conditions as simple as possible, the nickel could 

not be alloyed with any other ferro-magnetic metal. Nickel and 

copper can be alloyed in all proportions and such alloys are easily 

obtained. They were furnished me by the firm of Basse and Selve, 

in the form of wire. As one sees from the equation, the depres

sion of the transformation point of the nickel in the alloy should 

be proportional to the percentage of the second metal and inversely 

proportional to the molecular weight of the latter. It was desira

ble therefore to obtain alloys with other metals having molecular 

weights as different as possible from that of copper. This was dif

ficult however. W e tried to get alloys of lead or bismuth or alu

minium from the same firm who had supplied those of nickel and 

copper, but after several months they said that they were unable 

to make them. The firm of Haereus in Hana.u finally succeeded 

in supplying some rings of alloys of nickel and tin containing 5, 10 

and 1 5 per cent, of tin respectively. 

There were four specimens of the nickel-copper alloys available. 

They were in the form of wires 2 millimeters in diameter and con

tained 4, 8, 20 and 40 per cent, of copper. To determine the rela

tion between induction and temperature a secondary coil of bare 
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copper wire was wound about a glass tube and over this tube a 
primary coil 45 centimeters long and over both of these a heating 
coil of nickeline wire, the whole being insulated with asbestos. 
The wire under examination, together with a standard mercury 
thermometer, was put into the glass tube and the apparatus 
packed about with asbestos as heat insulation. The induction was 
measured ballistically, the throw caused by reversing the primary 
current being observed in each case. The material in order to be 
fit for these experiments had to be free from temperature hysteresis, 
like that in the irreversible nickel-steels. Experiments showed 
that the point of transformation with rising temperature was the 
same as with falling temperature. The 20 per cent, alloy was 
then held for an hour at a temperature of ioo° C , a temperature 
near that of transformation, without any change in the induction in 
a given field being observed. It appears, then, that when a given 
temperature is reached the corresponding magnetic condition estab
lishes itself without appreciable lag. 

As is known, the loss of susceptibility does not occur suddenly, 
but gradually, through a wide interval of temperature. As one 

400r 

sees from the curves, taken from a field near that of saturation, the 
magnetic intensity, /, decreases with rising temperature very slowly 
at first and then more and more rapidly. When it has fallen to a 
small fraction of its original value, the decrease becomes much 
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slower. The temperature at which this occurs could be deter
mined within 50 . The intensity-temperature curves for the pure 
nickel and the 4, 8 and 20 per cent, alloys are given in the figure. 
It will be seen that the analogy to the solidification of water does 
not hold for the transformation of the pure nickel. When water 
has reached the freezing point, the temperature remains constant 
till the solidification is complete, while the transformation of the beta 
into the alpha nickel is gradual. This can be explained if one as
sumes that the two phases are mutually soluble. As the microscope 
shows no difference between them, this assumption is permissible. 
We may suppose that as soon as a portion of the beta nickel has 
transformed into the alpha form it at once dissolves in the remain
ing beta metal and so lowers the transformation point requiring a 

100 ?00 ?£5 

Fig. 2. 

further fall of temperature before further transformation can occur. 
In the alloys this gradual fall of temperature with the progress of 
the transformation is to be expected as in the case of the freezing 
of a solution of salt in water. 

The second figure gives the intensity-temperature curves for the 
8 per cent, alloy in fields of 13 and 63 C.G.S. units respectively, 
The full line refers to the metal in the hard-drawn and the broken 
line to that in the annealed condition. The temperature of trans
formation appears to be independent of the field, but is lowered 
about 150 by annealing. This was true of the nickel and of all of 
the nickel-copper alloys. 
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The table shows the temperatures of transformation of the alloys 

of nickel and copper : 

Per Cent. Cu. 

0 
4 
8 
20 
40 

Temp. 
(Hard). 

355° 
310 
280 
155 

-100 

At 

45° 
75 
200 
455 

Temp. 
(Annealed). 

340° 
295 
265 
140 

At 

45° 
75 
200 

Atjm 

11.2° 
9.4 
10.0 
11.4 

Mean 10.5° 

According to this table the depression of the point of transforma

tion is very nearly proportional to the amount of copper, mt in the 

alloy. Only in the first two alloys is the concentration small enough 

to justify the application of the formula of van t'Hoff, still the de

pression due to one part of copper in one hundred is so nearly con

stant that we may take the mean of these values. 

Before the results just given could be applied in the formula, it 

was necessary to know the latent heat of transformation, L. This 

cannot be determined directly and at best can only be approximated 

by indirect methods. The values obtained in this way may give an 

idea of the order of magnitude of the quantity sought, however. 

The alloy containing 40 per cent, of copper, is unmagnetic at room 

temperature and so contains nickel in the beta condition. The spe

cific heat of this alloy, as well as that of pure copper, was found 

between 2 0 0 and 370 0 C. Tha t for the former was 0.1049 and for 

the latter 0.0996. If now we assume that the specific heat of this 

alloy can be found from those of its two constituents by the rule of 

mixtures, we have for the specific heat of the beta nickel 

100 • o. 104Q — 40 • 0.0006 z=L— -^_ __ o. 1104. 
60 

A mass, nt grams, of nickel was now heated to 370 0 and dropped 

into a water calorimeter whose water equivalent was K. The initial 

temperature was tl and the final temperature t2. If the specific heat 

of the unmagnetic nickel just found is now introduced we have for 

the latent heat of transformation 

L = q 3 7 o - t2) - K{t2 - tx)lm. 
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In five experiments the following values were obtained for L : 

4.16 
4.33 
4.03 
5.05 
4.83 

Mean 4.48 

The agreement among these numbers is as good as the method 

would lead one to expect. In the first place the rule of mixtures 

holds only approximately for the specific heats of alloys. The 

specific heat was determined for the four nickel-copper alloys be

tween 20° and i o o ° . If one takes o. n o o for the value for nickel 

and 0.0933 for copper as found in the tables and calculates the 

specific heats of the alloys, he finds : 

Alloy. 

4 per cent. 
8 

20 
40 

C (Observed). 

0.1080 
0.1141 
0.1145 
0.1003 

C (Calculated). 

0.1093 
0.1087 
0.1066 
0.1033 

The agreement is not exact, and in the case of the 40 per cent. 

alloy the variation is 3 per cent. 

By an entirely different method Pionchon 1 found the latent heat 

of transformation of nickel to be 4.64, a value not in bad agreement 

with that just given. Too much weight is not to be given to this 

agreement, however, as he found the latent heat of transformation 

as the difference between the quantities of heat given off when the 

metal was cooled first from a point just above and then from one 

just below the temperature of transformation, the latter point so 

high that the transformation was by no means complete. These 

values must at least give the order of magnitude of L however. 

Before passing to the experiments upon other alloys of nickel and 

the further discussion of the formula it may be of interest to show 

the relation of the electric resistance of the nickel-copper alloys to 

their magnetic properties. H . Le Chatelier2 and P. Harr ison 3 have 

1 Ann. de chim. et de phys., 6, 11, p. 77, 1887. 
2Compt. Rend., CX., p. 283, 1896. 
3 Phil. Mag. (6), 3, p 177, 1902. 
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given curves exhibiting the relation of the resistance to the temper
ature in nickel and iron. Fig. 3 gives similar curves for the 4, 8, 
and 20 per cent, alloys. 

In all the specimens studied the temperature coefficient increases 
more or less rapidly till a temperature near to that of transformation 

Wr 

2C| 

10I 100 200 3 0 0 T 
Fig. 3. 

is reached. It then becomes smaller and nearly constant. This 
change is quite sharply marked though not so distinct as the mag
netic transformation. It is plainer in the alloys than in the pure 
nickel. In the 20 per cent, alloy the change of direction of the 
curve is sharp and corresponds very closely to the transformation 
point. 

I had three alloys of nickel and tin, containing 5, 10 and 15 per 
cent, of tin respectively. A microscopic examination showed them 
to be chemically homogeneous with no trace of free tin. Physically 
they were not uniform, however, as the metal was full of pores. 
The holes were the largest in the 5 per cent, and smallest in the 
15 per cent, alloy. Alloys containing more than 20 per cent, of tin 
could not be cast and those with that amount were so porous that 
they could not be used. The specimens were in the form of rings. 
To determine the induction they were wound with insulated wire and 
heated in an oil bath, the temperature being measured with a mer
cury thermometer. With the ring containing 5 per cent, of tin the 
insulation gave way and it had to be rewound with bare wire and 
asbestos. The results for these alloys are given in the table : 
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Per Cent, of Tin. 

0 
5 
10 
15 

Temp. 

340° 
303 
268 
230 

At 

37° 
72 
110 

Atjm 

7.4° 
7.2 
7.3 

Mean 7.3° 

Here, as with the nickel-copper alloys, the depression of the 
transformation point is proportional to the amount of tin in the alloy. 
I will now compare the results found for the two series of alloys. 
The temperature of transformation for the pure nickel was 3400 C. 
or 613 ° absolute. The latent heat of transformation of the nickel 
was 4.5 calories per gram. Atjm was equal to 10.50 for the copper 
and 7.30 for the tin. Introducing the above values for L and T 
into the equation of van t'Hoff, we have Atjm = 1670/M. The 
molecular weight must therefore be known. If it were possible, the 
most direct way to determine the molecular weights of tin and cop
per in their solutions in nickel would be to apply the van t'Hoff 
formula to the lowering of the point of solidification of nickel by 
these metals dissolved in it. To do this, the latent heat of fusion 
of nickel would have to be known and this would be very difficult 
to determine as the melting point of nickel lies so high, in the 
neighborhood of 16000 C. Heycock and Neville * have made a 
series of experiments upon the lowering of the melting point of tin, 
thallium and sodium by alloying other metals with them. They 
found the " atomic lowering" of the metal point of tin by the solu
tion of other metals in it, that is the depression caused by the alloy
ing of one atomic weight of the given metal in 100 atomic weights 
of the tin, to have the following values. 

For Nickel 2.94 
Silver 2.93 
Gold 2.93 
Copper 2.91 
Thallium 2.86 
Sodium 2.84 

Mean 2.90 

If these metals in their alloys with tin are monatomic, the formula oi 
1 Jour. Chem. Soc., 55, 666, 1889; Chem. News, 68, 305, 1893. 
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van t 'Hoff gives, since T= 504.5°, L= 14.25 and the atomic 

weight of tin is 118.8 (later determinations give 118.5), 

. 0 2 - 7 ^ / 1 1 8 . 8 
Jt = j ^ ^ = . 0 2 . r 2 / n 8 . 8 - L= 3.01. 

The agreement between this calculated value for the atomic lowering 

and the observed values seemed sufficiently close to warrant the 

conclusion that these metals are monatomic in their alloys with tin. 

G. Meyer 1 found, from the electromotive force of cells whose 

electrodes were amalgams of different concentrations of the same 

metal, that the metals with which he experimented (Zn, Cd, Pb, 

Sn, Cu, Na) are monatomic in their solutions in mercury. The 

natural conclusion, then, seems to be that the metals have but one 

atom to the molecule. The probable correctness of this supposition 

will be discussed more fully later. 

If then we assume that tin and copper are monatomic in their 

alloys with nickel and put the values of the atomic weights in the 

formula above given, we find (Cu = 63.6 and Sn = 118.5) : 

F o r 

Copper 
Tin 

Atjm (Calculated). 
26.3° 
14.1° 

Allm (Observed). 
10.5° 
7.3° 

The observed values are much smaller than the calculated. The 

lowering of the point of transformation is not inversely proportional 

to the atomic weight for, if this were the case, the depression 

caused by one per cent, of tin, as calculated from that observed to 

be due to one per cent, of copper would be 5.6° instead of 7 .3 0 . 

The agreement would be better if we assumed two atoms to the 

molecule rather than one, but there is no reason for doing this. 

Whi le the methods of Heycock and Neville and of Meyer show 

that the metals with which they experimented are monatomic at • 

the melting point or when in solution in mercury, it is possible that 

in a solid condition the molecules may be highly associated. In 

fact the great departure from the law of Dulong and Petit at high 

temperatures might, perhaps, be accounted for in this way. 

For other alloys of nickel the depression of the point of trans-

iZeitschr. f. Phys. Chem., VII., 477, 1889. 
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formation does not obey the law of van t'Hoff even so well as do 
copper and tin. The next series of alloys which I tested were of 
nickel and silver prepared at the University of California. The 
nickel was melted in a graphite crucible lined with a mixture of 
calcined magnesia and alumina like that used by Messrs. Allen and 
Day as insulation in the furnace which they employed to standard
ize the normal platinum — platinum-io per cent, rhodium thermo
couple,1 and the formula for which was given me by Dr. Day. 
The graphite crucibles so lined were found satisfactory. In this 
way a series of nickel-cobalt alloys were made and two alloys of 
nickel and silver containing 4 and 8 per cent, of silver respectively. 
On testing these alloys, the temperature of transformation was found 
to be 3900 C. irrespective of the amount of silver. The perme
ability of the alloys was found to be lower than that of the nickel, 
however, by more than the percentage of the silver present. 

M. Levin studied a series of nickel-gold alloys with from o to 90 
per cent, of gold.2 The temperature of transformation was inde
pendent of the amount of gold in the alloy and was near 3100 C. 
The fact that the different specimens of nickel show so widely vary
ing points of transformation is probably due in large measure to the 
impurity of some of them. The presence of iron or cobalt would 
raise this temperature slightly while carbon would lower it con
siderably. For example, the commercial nickel used in my alloys 
and melted in the lined graphite crucible transformed at 3900 C , 
while a specimen of the same metal which had been melted in the 
unlined graphite crucible became unmagnetic at 3000 C. 

Alloys containing equal parts of nickel and gold and of nickel 
and platinum were found by Lampadius3 to be as permeable as pure 
nickel. It may be that in the cases of the nickel-silver and nickel-
gold alloys we have to do with mixtures resembling chryohydrates 
rather than solid solutions. 

Osmond, and later Dumas, determined the transformation points 
of nickel-iron alloys and found that this point rises with the amount 
of iron till the latter reaches 30 per cent, and then falls again, so 
that the temperature of transformation may have the same value for 

P H Y S I C A L R E V I E W , X I X . , p. 177, 1904. 
2Zeitschr. f. anorgan. Chem,, 45 , p. 238, 1904. 
3 Wiedemann, ** Elektricitaets Leh re , " I I I . , p . 784. 
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two values of the iron content. Dumas tested a small number of 

alloys of nickel and chromium and of nickel and manganese. 2.7 

per cent, of chromium depressed the point of transformation 125 0 , or 

4 2 0 per per cent. ; 4.3 per cent, depressed it 2 2 5 0 , or 520 . per per 

cent., while greater amounts of chromium did not cause further 

lowering of the temperature of transformation, indicating probably 

that the chromium was no longer forming a solid solution with 

the nickel. 

In the nickel-manganese alloys, the depressions of the trans

formation point were : 

Per Cent. Mn. 

3.7 
8.8 

13.0 

Depression. 

80° 
110 

200 

Depression per Per Cent. 

21° 

12 

15 

In both the nickel-chromium and the nickel-manganese alloys, 

the lowering of the point of transformation is not proportional to the 

amount of chromium or of manganese in the alloy but is irregular. 

The alloys of Dumas contained as high as 1.5 per cent, of iron 

which would vitiate the results. 

Alloys of nickel and cobalt were studied by Guertler and Tam-

mann.1 The transformation point rose regularly from that of nickel 

to that of cobalt ( n o o ° C ) . Moisson2 prepared borates of iron, 

cobalt and nickel but the temperatures of transformation were not 

given, though the compounds were magnetic. Alloys of nickel and 

antimony were made by K. Lossern.3 

Metal with Nickel. 

Chromium. 

Manganese. 
Iron. 

Cobalt. 
Copper. 

Silver. 
Tin. 
Gold. 

Atomic Weight. 

52.1 

55.0 
56.0 
59.0 

63.6 
107.9 

118.5 
197.2 

Depression per Per Cent. 

45° C. Irregular. 
\6° C. Irregular. 

Point rises. 

Point rises. 

10.5°. Regular. 
Independent of alloy. 

7.3°. Regular. 
Independent of alloy. 

Observer. 

Dumas. 
Dumas. 

Osmond-Dumas. 
Guertler-Tammann. 
Hill. 
Hill. 

Hill . 

Levin. 

1 Zeitschr. f. anorgan. Chem., 42, p. 353, 1903. 
2 Ann. de Chim. et de Phys. (7) , 9, 272, 1905. 
3Zeitschr. f. anorgan. Chem., 49, p. 58, 1906. 
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The experimental results already given for the effect of various 
metals upon the transformation point of nickel are collected in the 
table. 

There appears, then, to be no simple relation between the atomic 
weights of the metals named in the table and their effect in chang
ing the temperature of transformation of nickel when in alloy with 
them. As already stated, we probably do not know the molecular 
weights of the metals at ordinary temperatures. Professor Howe, 
of Columbia University, says in his book on " Iron, Steel and Other 
Alloys " that in alloy-steel two parts of molybdenum replace one 
part of chromium as might be expected from their atomic weights. 
In the light of the experiments upon nickel alloys just described, I 
do not think that we can recognize any so general law. In the 
cases of manganese and chromium alloyed with nickel, a concentra
tion is reached where a further addition of the second metal causes 
no greater lowering of the transformation point, and with gold and 
silver this point of saturation, if we may call it so, is reached at a 
very low concentration if there is a true solid solution of these 
metals in the nickel at all. It might be of value to know to what 
extent the properties of the alloy-steels are due to changes in the 
nature of the iron itself and how much to the nature of the other 
constituents of the alloy. It is certain that the addition of a small 
amount of manganese or chromium to steel produces an effect greatly 
out of proportion to the amount added if we consider the proper
ties of the alloy as in a sense the mean of those of the components. 
It is only therefore in the most general way and on physical, rather 
than on chemical grounds, that the properties on an alloy of iron or 
nickel with any other metal can be predicted. We might expect an 
alloy to present properties like those of the metals composing it, but 
this is not necessarily the case as is seen in the copper-aluminium 
alloys. Both of these metals are soft and ductile but the alloy is 
very hard and somewhat brittle. It is probable that the properties 
of any alloy will always have to be found by experiment though some 
surmises may be made beforehand as to their character. 

•PHYSICAL LABORATORY, 
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January, 1907. 


